The importance of bile duct division cannot be overemphasized in living donor surgery. Ligation and cut (LC) as a method for bile duct division in living donor right hepatectomy (LDRH) has never been reported. The purpose of this study was to introduce the LC method of bile duct division in LDRH. All LDRH donors were identified through a prospectively maintained database at the authors' institution between September 2009 and March 2013, and the 2 methods, LC and cut and oversewing (CO), were compared both in terms of donor and recipient outcomes of right lobe living donor liver transplantation. In the LC method, after complete parenchymal transection, the right hepatic duct was dissected in the Glisson's sheath and ligated just at the right side of the confluence, and then the right side of the ligature was cut. The LC and CO methods were performed in 109 and 134 donors, respectively. Bile duct division time (P < 0.001) and operative time (P < 0.001) were significantly shorter in the LC group than in the CO group. With a median follow-up of 60.2 months, biliary complication rate was lower in the LC group than in the CO group (0% versus 5.2%; P 5 0.01), but with no significant difference between the recipient groups. All donors made a complete recovery. In conclusion, the bile ducts of living donors can be dissected safely from the Glisson's sheath, and the LC method facilitates bile duct division and has a lower incidence of biliary complication in LDRH without compromising the recipient outcomes.
Living donor right hepatectomy (LDRH) is being performed worldwide as the predominant type of donor surgery in adult-to-adult living donor liver transplantation (LDLT). (1) (2) (3) (4) A prime concern regarding right lobe LDLT is the potential for donor morbidity, and a recent study noted a wide range of reported incidences of donor morbidity from 16.0% to 78.3% among major institutions worldwide. (5) Many reports specified the biliary complication as constituting one of the main complications in living donors. (2, 6, 7) Biliary complications that include bile leak, biloma, and stricture have been reported to be the most common and fearful complications in living donors, and are more frequent and severe in right lobe donation than in non-right-lobe donation. (8) The right hepatic duct (RHD) division is the most crucial step that can determine biliary complication of LDRH, and the anatomy of RHD is known to be more variable than that of the left hepatic duct (LHD). (9) The technique employed must guarantee uncompromised bile flow of the remnant liver without impairing the bile duct integrity for the graft implantation. Under this uncompromising premise, the simpler and the safer the technique is, the better it can be used.
For bile duct division, the conventional method of cut and oversewing (CO) has been exclusively used in nearly all LDLT centers. Several techniques have been reported for bile duct division in living donor surgery. (10) (11) (12) However, the focus was not on surgical
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method for bile duct division, but on the timing of bile duct division or how to find a cutting line for the bile duct. As of now, the safe and efficient technique to reduce biliary complication still remains inconclusive for standardization. The ligation and cut (LC) as a method for bile duct division has never been reported in LDRH, much less its impacts. The purpose of this study was to introduce the LC method of bile duct division in LDRH and to analyze both the donor and recipient outcomes of right lobe LDLT in comparison with the conventional method of CO.
Patients and Methods

STUDY DESIGN
All donors who underwent LDRH at the National Cancer Center in South Korea between September 2009 and March 2013 were considered for this retrospective study that was approved by the center's institutional review board.
The study period was chosen, first, to provide a sufficient sample size and an at-least 3-year follow-up data on LDRH; second, to avoid the bias of learning curve in the early period of the LDLT program that had started in January 2005; and third, to include the experience of a single surgeon (S.H.K.) independently of different levels of the surgeon's skill. The donors were identified through a prospectively maintained database, and the 2 methods for bile duct division, LC and CO, were compared in view of both the donor and recipient outcomes.
The primary endpoint was donor complications including biliary complications that were stratified by grade according to the Clavien classification. (13) The secondary endpoints included operative outcomes such as bile duct division time, operative time, blood loss, transfusion requirement, macrovesicular steatosis on pathology, daily drain volume, postoperative hospital stay, and the recipient outcomes including biliary complications.
The anatomy of RHD, portal vein (PV), and the artery was classified according to a previous study. (14) Bile duct division time was calculated as the time duration from cutting to closure of the opening of the remnant bile duct in the CO method, and as the time elapsed from the start of bile duct dissection to the LC of RHD in the LC method. Postoperative liver failure was defined as prothrombin time <50% and total bilirubin > 50 lmol/L on postoperative day 5 (the 50-50 criteria) on postoperative day 5. (15) Biliary leakage was defined as the presence of bile-stained fluid of any amount in the abdominal drain. Biloma was defined as a bilirubin-rich intra-abdominal fluid collection confirmed by ultrasonography (US) or computed tomography (CT)-guided percutaneous catheter drainage (PCD). Biliary stricture was defined as a segmental narrowing around the biliary anastomosis or splintage tube insertion by endoscopic or percutaneous cholangiography.
DONOR SELECTION AND EVALUATION
The donor selection criteria and evaluation have been described elsewhere. (3, 16, 17) Briefly, all living donors volunteered and signed the informed consent about the items deliberated by the ethics group of the Vancouver Forum, (18) and all LDLTs were approved by the Korean Network for Organ Sharing after full medical and psychiatric assessment by health care professionals. Imaging evaluation included Doppler US, triphasic CT with volumetry, and magnetic resonance cholangiography (MRC). The anatomy of RHD was ascertained by MRC that entirely replaced intraoperative cholangiography (IOC) for the benefit of noninvasiveness since September 2009. (19) 
SURGICAL PROCEDURE
The technical details of LDRH have been specified previously. (3, 20, 21) An upper midline incision is made above the umbilicus. Parenchymal transection is performed with the hanging maneuver along the transection line by temporarily occluding the right Glisson's pedicle. Then, the right Glisson's pedicle is dissected into the right hepatic artery (RHA), PV, and the hepatic duct. In the CO method, the RHD is cut 1-2 mm to the right side of the confluence under a direct view, and the stump is closed by oversewing sutures. In the LC method, the RHD was dissected and ligated just at the right side of the confluence (Fig. 1) , and then the right side of the ligature is cut. The strategies used when encountering multiple RHDs can be described according to the biliary anatomy by classification of the RHD anatomy previously reported. In types A and D, the LC technique can be simply done following the dissection of the RHD (type A) and both the right anterior hepatic duct (RAHD) and the right posterior hepatic duct (RPHD; type D). In types B and C (C1 and C2), the RPHD and RAHD should not be bunch-ligated together close to the hepatic confluence. Bunch-ligation of these branches of RHD not only foreshortens the available length of the graft bile duct but also can cause angulation or kinking of the remaining bile duct. Furthermore, traction upon it can cause slipping of the ligature, leading to bile leakage from the bile duct stump, and its retrieval from this, secure religation or oversewing of the openings, requires great care to avoid possible compromise of the remaining bile duct. Instead, each of the 2 ducts should be dissected ( Fig. 2) and individually ligated at least 2 mm away from the origin of the RAHD and RPHD of the confluence so as not to disrupt the tissue between the 2 ducts.
POSTOPERATIVE FOLLOW-UP
For donors, routine laboratory tests were checked daily for the 3 consecutive postoperative days, and then every other day during the hospital stay. Follow-up CT was routinely checked at 1 week, 1 month, and 1 year after operation. After discharge, all donors were followed with routine laboratory tests at 1 month after surgery, then 3 months later, and thereafter every 6 months. For recipients, routine laboratory tests were performed daily for 10 consecutive postoperative days, and then every second day until discharge. Follow-up CT was regularly checked at 10 days, 3 months, and every 3 months for 2 
STATISTICAL ANALYSIS
Categorical variables were presented as numbers and percentages, and continuous variables were expressed as medians and ranges. For the comparative analysis, differences between the 2 groups were evaluated using the Mann-Whitney U test for continuous variables and the Fisher's exact test for categorical variables, respectively. A P value < 0.05 was considered statistically significant. All analyses were performed using SAS, version 9.1.3 for Windows (SAS Institute, Cary, NC).
Results
DONOR CHARACTERISTICS
During the study period, LDRH was performed in a total of 243 donors of whom 109 were enrolled in the LC group and 134 in the CO group. Donor characteristics are listed in Table 1 . The number of RHDs on preoperative MRC was 1 in 177 (72.8%) donors, 2 in 64 (26.3%) donors, and more than 2 in 2 (0.8%) donors. The median age of the LC group was significantly older than that of the CO group (P 5 0.04), and the median remnant-to-total liver volume ratio was significantly lower in the LC group than in the CO group (P 5 0.008). Otherwise, no statistically significant differences were found between the 2 groups in terms of sex, body mass index, fatty change on US, and the number of RHDs on MRC.
OPERATIVE OUTCOMES
There were 5 (4.5%) iatrogenic events in attempting the LC method in 110 donors. Four (3.6%) donors suffered injury to RHD during dissection from the Glisson's sheath. They had intra-abdominal adhesion caused by previous cholecystectomy. These 4 iatrogenic injuries were treated by ligation closer to the hepatic confluence and cutting at the injured site. Slipping away of the tied knot happened in 1 donor who was ultimately assigned to the CO group because the opening was closed with oversewing sutures.
Overall, the actual number of RHDs after bile duct division was 1 in 101 (41.6%) donors, 2 in 119 (49.0%) donors, and more than 2 in 23 (9.5%) donors, and RHD anatomy was classified as type A (n 5 177, 72.8%), type B (n 5 21, 8.6%), type C1 (n 5 15, 6.2%), type C2 (n 5 12, 4.9%), or type D (n 5 18, 7.4%). No donors received blood transfusion perioperatively. Bile duct division time (P < 0.001) and operative time (P < 0.001) were significantly lower in the LC group than in the CO group. Pathological analysis revealed that a larger percentage of donors had a higher grade of macrovesicular steatosis in the LC group than in the CO group (P 5 0.02). Otherwise, there were no significant differences between the 2 groups in terms of the other operative parameters including biliary and vascular anatomy (Table 2) .
POSTOPERATIVE MORBIDITY
No donors had evidence of postoperative liver failure as previously defined. Ten (4.1%) donors developed complications (Table 3 ). The overall complication rate was lower in the LC group than in the CO group (0.9% versus 6.7%; P 5 0.03). In the LC group, there was only 1 complication, grade 1 wound infection, which was treated without antibiotics. In the CO group, there were 9 complications, including 2 wound complications classified into grade 1. A total of 7 (2.9%) donors suffered biliary complications, and all were in the CO group (Table 4) . Two patients with stricture occurred in type A, and 4 patients and 1 patient with bile leak in type B and type C1, respectively, of the anatomy of RHD. All these 7 donors had normal anatomy of RHA (extrahepatic) and PV (type 1). Meanwhile, biliary complications were not observed in the LC group, and the difference in the incidence was statistically significant between NOTE: Data are given as n (%). *Fisher's exact test.
the 2 groups (0% versus 5.2%; P 5 0.01). Bilomas were detected in 5 donors at follow-up CT 1 month after discharge; these resolved with conservative management in 4 donors and with PCD in 1 donor. Endoscopic retrograde biliary drainage (ERBD) was performed in a donor whose CT scan 4 weeks after discharge showed intrahepatic duct dilatation suggestive of biliary stricture. In 1 donor, a hepaticojejunostomy was constructed to restore bilioenteric continuity for a biliary stricture that was not amenable to endoscopic intervention. The median duration of postoperative follow-up was 60.2 months (range, 36.1-78.2 months). All donors made a full recovery and returned to their normal daily life activities with no longterm sequelae.
RECIPIENT CHARACTERISTICS AND OUTCOMES
Age, sex, body mass index, total ischemic time, Model for End-Stage Liver Disease score at the time of LDLT, and 30-day mortality rate were not significantly different between the recipients of the 2 study groups. Significant differences were observed between the 2 groups in terms of ABO incompatibility (P < 0.001) and graft-to-recipient weight ratio (P < 0.001). With a median postoperative follow-up of 48.2 months (range, 0.8-74.2 months), there were no significant differences between the 2 recipient groups with regard to biliary complications (Table 5) .
Discussion
This is the first study to show that the bile duct can be technically dissected and ligated safely from the Glisson's sheath, and to evaluate the feasibility and safety of the specific method for bile duct division in terms of both donor and recipient outcomes in right lobe adultto-adult LDLT.
Beginning in August 2011, ligation of RHD was routinely employed for bile duct division for LDRH as in hepatic artery ligation. (19) In practice, the LC method is almost always used in dividing the RHA. An essential prerequisite for the LC method is to dissect and encircle the RHD from the Glisson's sheath. The bile duct is often thickened and/or enlarged with surrounding hard sheaths in patients with hilar cholangiocarcinoma or cholangitis. In contrast, most living donors have a normal bile duct that is thin-walled, usually of < 5 mm in diameter, with no inflammation in the covering Glisson's sheath. Therefore, the bile duct of living donors can easily be dissected circumferentially and encircled with a vessel loop enough to be ligated in living donors.
Prior to the advent of MRC, IOC was considered the gold standard and routinely performed in living donor surgery. However, IOC is an invasive procedure using ionizing radiation that can cause complications such as infection and bleeding, inflammation, or damage to the common bile duct. In addition, the procedure adds to the operative time, potentially negatively affecting donor outcomes. MRC is now the modality of choice for noninvasive evaluation of biliary anatomy. MRC accurately depicts living liver donor biliary anatomy as correlated with IOC and is superior in the complete depiction of the central hepatic duct, RHD, and LHD. (22, 23) Currently, there is no clear consensus regarding which is better in delineating biliary anatomy, IOC or MRC. In our institution, since donor number 165 in September 2009, no IOC has ever been performed for more than 450 LDRHs until now. Nevertheless, the whole cohort study on 500 LDRHs showed that, in the latter group of 200 donors, the morbidity was 1% without biliary complication. (19) This likely reflects the diagnostic quality of MRC and the increased familiarity and confidence of the transplant team with MRC. We believe that recent improvements in surgical technique and preoperative imaging have permitted the safe performance of LDRH without IOC, potentially contributing to the decrease in invasiveness of the donor surgery.
An important consideration in the use of the LC method is the length of the RHD before bifurcating into the RAHD and RPHD from the hepatic confluence. In this study, if the length of the main RHD was more than 2 mm, the RHD was ligated at the right side of the confluence. Otherwise, the RAHD and RPHD were individually ligated. The cardinal principle of the LC technique is not to compromise the bile flow of the remaining liver, so that, in the presence of multiple RHDs, individual ligation of each branch of the RHD should be performed preferably.
Ligation of the RHD in-continuity before its division helps maintain the integrity of the original bile duct anatomy of the remaining liver. In this regard, on the contrary, the CO method has its drawbacks. After cutting, the cut end of the remaining bile duct gets withdrawn to the confluence, and the opening becomes wider after retraction. Actually, in this study, biliary stricture happened in a donor in whom the RHD had been cut just 1 mm to the right side of the confluence, and then a hepaticojejunostomy was constructed for biliary stricture not amenable by endoscopic intervention. Since this event, the bile duct has always been cut 2 mm to the right side of the confluence in the use of the CO method.
The only situation that the CO technique is preferred over the LC technique is when dissection of the RHD is difficult, such as in cases of extensive scarring or severe adhesion, especially due to previous abdominal surgery. Actually, severe hilar adhesion was found not only in donors with previous abdominal surgery but also in donors who had no history of previous surgery in our experience. (24) The vascular supply is the most vulnerable point in the bile duct dissection of the LC method. The blood supply to the bile duct is by 2 main arteries running at the right and left border of the bile duct, the "3 o'clock" and "9 o'clock" arteries, which variably arise from the retroportal, retroduodenal, or gastroduodenal arteries and communicate with the right or, less often, with the left hepatic artery. (25) To preserve the biliary arterial supply, the dissection was performed along the anteromedian wall of the common hepatic duct starting near the bifurcation toward the RHD under direct view with MRC findings in mind. The low biliary morbidity is a key benefit of this approach.
The attempt to do the LC method is based on the hypothesis that the scar formation after cutting the RHD cannot infiltrate across the ligature, just confining to the right side of the ligature in the LC method. In the CO method, the oversewing sutures involves usually 1-2 mm of the left side of the actual cutting point. The scar may continue to grow encroaching upon the confluence of hepatic ducts or further into the LHD depending on the degree of the healing process of each individual, which can hinder the flow of bile from the remnant liver, especially if the oversewing sutures are placed too close to the confluence.
Several questions arise concerning the timing, location, and method of the RHD division. In this study, the bile duct was divided after complete parenchymal transection including the caudate lobe, because complete parenchymal transection made the right lobe graft become separated away from the remaining left lobe and only connected to the Glisson's pedicle, which provides a wide operative field to dissect the bile duct as well as the PV and the hepatic artery. In both methods of this study, the bile duct was divided at the right side of the confluence, but no biliary complication occurred in the LC group. This suggests that the specific division method may have a direct responsibility for biliary complication.
Another concern is that the LC method could shorten the length of the graft bile duct by taking up a little longer length of bile duct by the LC method than by the CO method. So, the incidence of multiple graft bile duct openings may be higher in donors with a short common trunk of the RHD, compared with donors with a long common channel of the RHD. Multiple small ducts in the graft increase the risk of iatrogenic bile duct injury with subsequent early or late complications in the donor. (26) Moreover, the multiple small ducts need more complex biliary reconstructions that may influence the recipient outcome. (27) In this study, the percentages of multiple RHDs were higher after bile duct division than before in both groups.
However, the actual number of RHDs after bile duct division made no significant difference between the 2 groups with no iatrogenic bile duct injury, and no significant differences were observed in the biliary complications between the 2 recipient groups. In the graft, the bile duct stump protruding from the graft cut surface should be short in terms of blood supply, because the longer the graft bile duct stump is, the higher the risk of biliary complications may be due to lack of blood supply.
Bile leakage can be a cause of secondary peritonitis by irritating the peritoneum. Five donors had bile leakage in the CO group. It is difficult to define whether the bile leaks were from the cut liver surface or the remnant bile duct stump because all the leaks were treated by observation (n 5 4) and drainage (n 5 1) without cholangiography. However, all LDRHs in this study were performed by a single surgeon who had specially dedicated to living donor surgery and had already experienced more than 600 liver resections including 100 LDRHs as a main operator before this study. So, the learning curve effect can be ruled out. And, in all donors of this study, liver parenchymal transection was done with the same method. The only difference in surgical procedure between the 2 groups was the method of bile duct division. Anatomically, the cut surface leaks rarely occur in liver resection along the exact transection plane as in LDRH. There was also a report that parenchymal transection through the main portal scissure was not associated with an increased incidence of postoperative bile leakage from the cut surface. (28) So, it is highly likely that the bile leaks of this study came from the bile duct stump rather than from the cut liver surface.
Donor morbidity can happen, but it will not often be encountered in the era of LDLT with accumulated experience and advanced surgical management. So, the small number of donor morbidity and biliary complication (n < 10) may adversely affect the validity of statistical inference. (29) However, this study showed that the bile duct of living donors can be dissected safely from the Glisson's sheath with bile duct division time and operative time significantly shorter in the LC group than in the CO group. Moreover, the LC group had older age and lower remnant-to-total liver volume ratio in donors as well as more ABO-incompatible LDLTs and smaller graft-to-recipient weight ratio in recipients, compared with the CO group. However, despite these shortcomings, the LC group had no biliary complication in more than 100 donors and showed better outcomes than in the CO group without compromising the recipient outcomes. These results likely suggest that the LC method is, at least, not inferior to the conventional CO method both in terms of donor and recipient outcomes and is a safe and effective alternative in bile duct division in LDRH.
